themselves from these conditions by overexpressing and rapidly inducing the production of the ER chaperone and cell survival protein GRP78/BiP. GRP78/BiP alleviates ER stress-associated apoptosis by folding ER protein, maintaining ER integrity, and preventing apoptosis. 11, 27 In addition to its aforementioned properties, GRP78 acts as an obligatory component of the autophagy pathway in mammalian cells. 11, 27, 33 However, the cytoprotective role of GRP78-linked autophagy remains unclear.
Interestingly, several studies demonstrated a direct link between autophagy and ER stress. Autophagy countered the lethal effects of ER stress in tumor cells. 2, 15, 27, 43 In addition, recent reports established a link between the cytotoxic effects of TMZ, ER stress, and autophagy in glioma cells. 18, 23 However, conflicting reports demonstrated autophagy as both tumor promoter and suppressor; thus, the exact relationship between autophagy, ER stress, and TMZ-induced cytotoxicity also remains unclear.
Chloroquine, a quinoline-based antimalarial, kills Plasmodium falciparum parasites in the intraerythrocytic stage by blocking acidic food vacuolar heme detoxification. 38 CQ at a physiological pH possesses the unique chemical property of being a weak base with the ability to easily traverse cellular lipid bilayers. However, once inside the acidic environment of P. falciparum food vacuoles, acidic molecules react with CQ and form an ionized CQ conjugate acid. CQ in the ionized form loses its ability to rapidly traverse vacuolar lipid bilayers and, hence, becomes trapped inside the acidic food vacuole.
Tumor cells contain acidic vacuoles known as lysosomes, which are comparable to the acidic food vacuoles of P. falciparum parasites. Acidic molecules in tumor cell lysosomes also react with CQ, thereby ionizing and trapping CQ in the lysosome. Upon reaching a critical concentration of CQ inside of the lysosome, CQ disrupts lysosomal enzymatic function and inhibits autophagosome clearance. 6, 7, 9 Temozolomide, a DNA-alkylating agent, inhibits tumor growth by its ability to add methyl groups to the O 6 position of guanines. 3, [12] [13] [14] 40, 41 In addition, TMZ induces autophagy. 18 Thus, it has been proposed that the autophagic pathway plays a role in the cytotoxic effects of TMZ.
18,28
Because we previously demonstrated that GRP78/ BiP provides chemoresistance to TMZ in glioma cells, we investigated whether CQ, as an autophagy inhibitor, enhances TMZ cytotoxicity by blocking GRP78/BiPdependent autophagy. 33, 42 After testing our hypothesis, we found that blocking autophagy with CQ, 3-methyl adenine (3-MA), or knockdown of GRP78 enhanced the cytotoxic effects of TMZ. Importantly, we discovered that the cytotoxic effects of CQ alone were related directly to the presence of the ER chaperone GRP78/BiP, the autophagy-associated and BH3-only protein Beclin 1 (BECN1), the accumulation of autophagosomes and polyubiquitinated proteins, and the induction of the ER stress proapoptotic protein CCAAT enhancer-binding protein (C-EBP) homologous protein (CHOP/GADD-153). Last, we observed that the combination of TMZ and CQ synergistically triggered cell death via enhanced formation of LC3B-II (a marker of autophagosome levels), polyubiquitinated protein accumulation, CHOP/GADD-153 induction, and PARP (a marker of apoptosis) cleavage. We demonstrate here that autophagy protects glioma cells from TMZ cytotoxicity; however, blocking autophagy with CQ chemosensitizes glioma cells to TMZ.
Methods

Reagents
Chloroquine was obtained from Sigma Aldrich and dissolved in ultrapure water at a concentration of 100 mM. Temozolomide (Temodar) was obtained from the University of Southern California Norris Cancer Hospital pharmacy and dissolved in dimethyl sulfoxide at a concentration of 50 mM for our in vitro studies or suspended in phosphate-buffered saline at 2 mg/ml for our in vivo studies.
Cell Lines and Culturing
Human glioblastoma cell lines (LN229 and U251) were kindly supplied by Dr. Frank Furnari. The human glioblastoma cell line U87MG was purchased from the American Tissue Culture Collection. All glioma cell lines were propagated in DMEM (Cellgro) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ ml streptomycin in a humidified incubator at 37°C and a 5% CO 2 atmosphere. TMZ-resistant (TMZ R ) cells lines were developed from the surviving clones treated with 100 μM TMZ for 1 month. Human tumor-derived brain endothelial cells (TuBECs) and human brain endothelial cells (BECs) were isolated within University of Southern California Institutional Review Board guidelines and were seeded and propagated as described in detail elsewhere. 42 
MTT Assay
Forty-eight-hour MTT assays were performed in 96-well plates with the use of 3.0 × 10 3 cells per well for the glioblastoma cell lines described in detail elsewhere. 21 In individual experiments, each treatment condition was set up in quadruplicate, and each experiment was repeated 1-5 times independently.
Colony-Formation Assay
U251 or LN229 cells were seeded into 6-well plates at 200 cells per well. After complete cell adherence, the cells were exposed to drug treatment (in triplicate) for 48 hours. Thereafter, the drug was removed, fresh growth medium was added, and the cells were kept in culture undisturbed for 12-14 days, during which time the surviving cells spawned a colony of proliferating cells. The colonies were visualized by staining for 4 hours with 1% methylene blue (in methanol) and then counted.
Immunoblots and Antibodies
Preparation of cell lysates and determination of protein concentrations were performed as described previously. 21 Fifty micrograms of lysate from each sample was run in parallel. The primary antibodies were purchased from Cell Signaling Technologies or Santa Cruz Biotechnology, Inc., and used according to the manufacturers' instructions. The blocking buffer and fluorescent-conjugated secondary an-tibodies were purchased from Li-Cor Biosciences and used according to protocols supplied by the manufacturer. The membranes were scanned and analyzed with the Odyssey infrared imaging system (Li-Cor Biosciences) according to the manufacturer's instructions. Each immunoblot assay was repeated at least once.
Drug Treatment of Nude Mice
All animal protocols were approved by the University of Southern California Institutional Animal Care and Use Committee, and all applicable policies were strictly observed during the course of this study. Four-to 6-weekold male athymic nu/nu mice were obtained from Harlan Laboratories and implanted subcutaneously with 5 × 10 6 U87MG glioma cells. Once tumors of ~ 300 mm 3 had developed, the mice received drug treatments. TMZ and CQ were given as a daily oral gavage with a stainless steel ball-head feeding needle (Popper and Sons, Inc.). After a total of 48 hours, the mice were killed, and tumors were collected for analysis. The mice were closely monitored with regard to body weight, food consumption, and clinical signs of toxicity; no differences between non-drugtreated control animals and drug-treated animals were detected within these parameters.
Immunohistochemical Staining
Immunohistochemical staining was performed on 7-μm-thick frozen-tissue sections on glass slides (VWR) with antibody to CHOP/GADD-153 (Santa Cruz Biotechnology) and with the use of the Vectastain avidinbiotin complex kit (Vector Laboratories) used in accordance with the manufacturers' recommendations and as described elsewhere. 32 The stained slides were mounted on glass coverslips, sealed with nail polish, and analyzed under the microscope.
Results
Chloroquine Enhances the Cytotoxic Effects of Temozolomide
To determine the role of autophagy in relation to the cytotoxic effects of TMZ, we treated glioma cells with TMZ in the presence or absence of CQ in a series of colony-formation assays (CFAs) (Fig. 1A) . After treating U251 (p53 mutant, phosphatase and tensin homolog [PTEN] mutant) and LN229 (p53 mutant, PTEN wild type) glioma cell lines with the autophagy inhibitor CQ, we observed that the percentages of colonies formed relative to those formed by the untreated control were reduced by ~ 40% and ~ 30%, respectively. 17, 36, 37 Furthermore, when we treated U251 and LN229 glioma cells with 20 μM TMZ, TMZ reduced the percentages of colonies formed by ~ 30% and ~ 60%, respectively. When we treated U251 and LN229 glioma cells with the combined therapy of TMZ and CQ, the combined regimen reduced the percentage of colonies formed by ~ 85% and ~ 97.5%, respectively. It is notable that the combined effect of CQ and TMZ in glioma cell lines was greater than the additive cytotoxic effects of each therapy alone. CQ in combination with TMZ resulted in a calculated combination index of < 1; thus, CQ synergistically enhanced the cytotoxic effects of TMZ in CFAs. 44 To better understand the mechanism of action of the synergistic cytotoxic effects of TMZ and CQ in glioma cells, we treated small interfering (si)RNA-transfected U251 cells with TMZ and CQ in a series of CFAs. We initially transfected U251 cells with siRNA to a scrambled sequence (siControl), GRP78/BiP, BECN1, or CHOP/ GADD-153. After transfection, we treated the cells with CQ, TMZ, or CQ in combination with TMZ and determined the cytotoxicities via CFAs (Fig. 1B and C) . We found that treatment of siControl-transfected U251 cells with 20 μM TMZ reduced the percentage of colonies formed by ~ 50%. Knockdown of the ER chaperone GRP78 with siGRP78, however, enhanced the cytotoxic effects of TMZ by further reducing the percentage of colonies formed by an additional ~ 10%. On the other hand, attenuation of CHOP/GADD-153 induction with siCHOP mitigated the cytotoxic effects of TMZ by ~ 10%.
Treatment of siControl-transfected U251 cells with 10 μM CQ reduced the percentage of colonies formed by ~ 70%. Knockdown of GRP78 with siGRP78 blunted the cytotoxic effects of CQ by ~ 10%. Likewise, knockdown of the autophagy-linked protein BECN1 with siBECN1 diminished the cytotoxic effects of CQ by ~ 10%. In addition, the attenuation of CHOP/GADD-153 induction with siCHOP lessened the cytotoxic effects of CQ by ~ 35%.
Treatment of siControl-transfected U251 cells with 20 μM TMZ in the presence of 10 μM CQ reduced the percentage of colonies formed by ~ 95%. Knockdown of GRP78 or BECN1 in U251 cells had little to no effect on the combined regimen of TMZ and CQ. In contrast, si-CHOP protected glioma cells from the cytotoxic effects of the combined regimen of TMZ and CQ by 35%. Thus, the cytotoxic effects of TMZ in combination with CQ act via the induction of the apoptotic protein CHOP/GADD-153.
To confirm the specificity and effectiveness of our siRNAs to GRP78/BiP, BECN1, and CHOP/GADD-153 mRNAs, we assayed for their respective protein expression levels in a Western blot analysis ( Fig. 1B and C) . In comparison with siControl, siGRP78 and siBECN1 mitigated the expression of the constitutively expressed proteins GRP78 and BECN1, respectively. It is interesting to note that knockdown of GRP78, but not BECN1, triggered CHOP/GADD-153 induction and PARP cleavage. Similarly, 50 μM CQ triggered CHOP/GADD-153 induction and PARP cleavage in siControl-transfected cells. However, 50 μM CQ-treated U251 cells transfected with siCHOP exhibited an attenuation of CHOP/GADD-153 induction and PARP cleavage.
In summary, the results of the CFA and the Western blot assay (Fig. 1A -C) reveal several key mechanistic features about TMZ and CQ. CQ, a known inhibitor of autophagy clearance, enhances the cytotoxic effects of TMZ, a known autophagy inducer.
18 GRP78 maintains ER integrity and assists in autophagosome formation independent of BECN1-dependent autophagy.
27 Preventing GRP78-dependent autophagy by downregulating GRP78 enhances the cytotoxic effects of TMZ but protects from the cytotoxic effects of CQ. The attenuation of CHOP/ GADD-153 induction mitigates the cytotoxic effects of TMZ and CQ individually and in combination. In addition, blocking BECN1-dependent autophagy by down-regulating BECN1 does not induce either CHOP/GADD-153 or PARP cleavage. However, it does protect from the cytotoxic effects of CQ but not TMZ. Therefore, CQ may enhance the cytotoxic effects of TMZ by blocking GRP78-dependent autophagy and inducing the expression of the proapoptotic protein CHOP/GADD-153.
Chloroquine Blocks GRP78-Dependent Autophagy Clearance
To investigate the mechanistic details of the relationship between CQ and GRP78-dependent autophagy, we assayed for the protein levels responsible for autophagosome accumulation and ER stress-induced apoptosis were seeded in 6-well plates and were left untreated or treated with 20 µM TMZ or CQ (U251, 10 µM CQ; LN229, 20 µM CQ) alone or in combination for 48 hours, and the numbers of long-term surviving cells that were able to spawn colonies were determined 2 weeks thereafter (CFA). U251 cells were transiently transfected with siRNA directed to GRP78, BECN1, or CHOP/GADD-153. A scrambled siRNA sequence (si-Control) was used as a transfection control. Twenty-four hours after transfection, cells were seeded in parallel for either a CFA (B) or Western blot analysis (C). The cells that were seeded for a CFA were left untreated or treated with 20 µM TMZ, 10 µM CQ, or the combination of TMZ and CQ. Thereafter, the drug was removed, fresh growth medium was added, and the cells were kept in culture undisturbed for 12-14 days, during which time the surviving cells spawned colonies of proliferating cells. The colonies were visualized by staining for 4 hours with 1% methylene blue (in methanol) and then counted. The columns represent the mean percentages of surviving cells from triplicate experiments; bars indicate the SD. The number of colonies obtained from the untreated controls was set at 100%. The cells that were seeded for Western blot analysis were either left untreated or treated with 50 µM CQ for 16 hours. C: To confirm the knockdown of targeted proteins, we analyzed the protein levels of GRP78, BECN1, CHOP/GADD-153, and PARP via Western blot analysis. b-Actin (Actin) was used as a loading control. cl-PARP = cleaved PARP.
via Western blot analysis (Fig. 2 upper) . It is important to note that we assayed for the presence of the free B isoform of microtubule-associated protein light-chain 3 (LC3B-I) and its autophagosomal membrane-bound phosphatidylethanolamine conjugate (LC3B-II) and interpreted our results on the basis of previous reports. 8, 22, 30 We interpreted the presence of LC3B-I as the amount of LC3B-I readily available for conversion to LC3B-II. Moreover, we interpreted the levels of LC3B-II as a direct correlate to autophagosome levels; thus, when we block autophagosome clearance with CQ, the ratio of LC3B-I to LC3B-II inversely indicates the efficiency of autophagosome formation and flux through the autophagy system. 8, 22, 30 In addition to LC3B-I and LC3B-II, we assayed Fig. 2 . Chloroquine blocks GRP78-dependent autophagy. U251 cells were transiently transfected with siRNA directed at GRP78 (si-GRP78). Scrambled siRNA directed at a nonspecific target was used as a transfection control (si-Control). Twentyfour hours after transfection, parallel cultures were seeded for either Western blot analysis or a CFA. Cells that were seeded for Western blot analysis were either untreated or treated with 50 µM CQ for 16 or 24 hours. Upper: The expression levels of GRP78, CHOP/GADD-153, LC3B-I/II, BIM EL , and cleaved PARP, with antibodies specifically directed to each protein, were analyzed. b-Actin (Actin) was used as a loading control. Lower: Cells that were seeded for a CFA were either untreated or treated with 20 µM CQ for 48 hours. Thereafter, the drug was removed, fresh growth medium was added, and the cells were kept in culture and undisturbed for 12-14 days, during which time the surviving cells spawned a colony of proliferating cells. Colonies were visualized by staining for 4 hours with 1% methylene blue (in methanol) and then counted. For the CFAs, the columns represent the mean percentage of surviving cells from triplicate experiments; bars indicate the SD. The number of colonies obtained from the untreated controls was set at 100%. The asterisk indicates significance (p < 0.05).
for induction of the proapoptotic proteins CHOP/GADD-153 and Bcl2 interacting mediator of cell death (BIM EL ) and cleavage of caspase 7 and PARP.
We found that knockdown of GRP78 alone in U251 cells induced LC3B-I and resulted in a modest amount of LC3B-II conversion (ratio of LC3B-I/LC3B-II > 1) (Fig.  2 upper) . Similar to knocking down GRP78, treatment of siControl-transfected U251 cells with 50 μM CQ for 16 and 24 hours also increased LC3B-I levels ( Fig. 2 upper) ; however, treatment with CQ resulted in a much greater increase of LC3B-II levels and conversion (LC3B-I/ LC3B-II < 1). It is interesting to note that knockdown of GRP78 in U251 cells attenuated the ability of CQ to increase LC3B-II levels ( Fig. 2 upper left) and conversion (LC3B-I/LC3B-II ≈ 1) (Fig. 2 upper) , suggesting that knockdown of GRP78 in CQ-treated cells reduced the rate of autophagosome formation and accumulation.
To further delineate the mechanistic details of CQ and GRP78-dependent autophagy, we also assayed markers of ER stress and apoptosis (Fig. 2 upper) . We found that GRP78 knockdown not only diminished the ability of CQ to convert LC3B-I to LC3B-II but also limited its ability to induce CHOP/GADD-153 and BIM EL and to cause cleavage of caspase 7 and PARP (Fig. 2 upper) . Thus, reducing GRP78-dependent autophagy diminished the flux through the autophagic system and mitigated the ability of CQ to cause autophagosome accumulation and apoptosis.
To confirm that blocking GRP78-dependent autophagy prevents the cytotoxic effects of CQ, we further investigated the cytotoxic effects of the combination of siG-RP78 and CQ in a CFA (Fig. 2 lower) . In a CFA, the treatment of siControl-transfected cells with 20 μM CQ resulted in a reduction of the percentage of colonies formed by ~ 85%. However, treatment of siGRP78-transfected cells with 20 μM CQ reduced the percentage of colonies formed by only ~ 65%. Thus, knockdown of GRP78 attenuated the cytotoxic effects of CQ in a CFA by ~ 20%.
GRP78-Dependent Autophagy Modulates Temozolomide Cytotoxicity
Autophagy was reported previously to play a role in TMZ cytotoxicity. 18 However, because autophagy can serve as either a cytoprotective or a cytotoxic mechanism in tumor cells, the role of autophagy in TMZ-treated glioma cells remains controversial. Thus, we blocked various steps along the autophagy pathway to investigate whether autophagy serves to enhance or protect from the cytotoxic effects of TMZ in glioma cells.
To determine the role of autophagy in TMZ-treated glioma cells, we treated glioma cells in a CFA with TMZ or CQ in the presence or absence of the autophagy inhibitor 3-MA. 3-MA specifically inhibits the ability of class III phosphatidylinositol 3-kinase (PI3KC) to form an autophagosome initiation complex with BECN1, thereby preventing autophagosome formation. 1 Moreover, 3-MA inhibits the ER UPR by suppressing the activation of the ER stress transducers PERK, IRE1, and ATF-6 and their downstream targets GRP78, ATF-4, CHOP/GADD-153, EIF-2a, JNK, and XBP-1.
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It is interesting to note that when U251 cells were treated with 1 mM 3-MA in combination with 20 μM TMZ, 3-MA significantly enhanced the cytotoxic effects of TMZ. In contrast, when U251 cells were treated with 1 mM 3-MA in combination with 20 μM CQ, 3-MA significantly reduced the cytotoxic effects of CQ. Because CQ blocks autophagosome clearance and knockdown of either BECN1 or GRP78 and treatment with 3-MA diminished the cytotoxic effects of CQ, CQ may exert its cytotoxic effects by blocking both the PI3KC3-BECN1-dependent and GRP78-dependent autophagy pathways (Figs. 1B and  C, 2, and 3) . Nevertheless, because knockdown of GRP78 (but not BECN1) or treatment with 3-MA enhanced the cytotoxic effects of TMZ, the rate of GRP78-dependent autophagosome formation may inversely modulate TMZ cytotoxicity (Figs. 1B and C, and 3 ). These data, taken together, indicate that CQ is most effective when the rate of autophagosome production is elevated. TMZ cytotoxicity, on the other hand, is reduced as a consequence of autophagosome production. Thus, when CQ is combined with TMZ, CQ effectively kills glioma cells that would have otherwise survived in the presence of TMZ alone.
Temozolomide-Resistant Cells Are Sensitive to Chloroquine
Although TMZ increases the mean probability of survival in patients with GBM, glioma cells eventually develop chemoresistance to TMZ, which results in tumor recurrence and eventual death of the patient with GBM. To determine whether TMZ R glioma cells remained sensitive to CQ, we treated TMZ R glioma cell lines and their parental TMZ-sensitive (TMZ S ) cell lines with increasing concentrations of CQ in a series of MTT assays (Fig.  4A-C) .
It was surprising that when we treated TMZ S and (A and B [right] ). Subsequently, the drug was removed, fresh growth medium was added, and the cells were kept in culture and undisturbed for 12-14 days, during which time the surviving cells spawned a colony of proliferating cells. Colonies were visualized by staining for 4 hours with 1% methylene blue (in methanol) and then counted. For the CFAs, the columns represent the mean percentage of surviving cells from triplicate experiments; bars indicate the SD. The number of colonies obtained from the untreated controls was set at 100%. Normal BECs and TuBECs were treated with CQ for 48 hours in the MTT assay (E).
reduced the percent viability of U87-TMZ S glioma cells (p53 wild type, PTEN mutant) by 50%. Nevertheless, 40 μM CQ completely eliminated the U87-TMZ R glioma cells.
To confirm TMZ resistance in our TMZ R glioma cells in comparison with their parental TMZ S glioma cells, we treated TMZ S and TMZ R glioma cells in a series of long-term cell-viability assays (Fig. 4A-C, right) . In a series of CFAs, we observed that 100 μM and 40 μM of TMZ reduced the percentage of colonies formed in U251-TMZ S and LN229-TMZ S glioma cells, respectively, by ~ 95%. However, 100 μM and 40 μM TMZ reduced the percentage of colonies formed in U251-TMZ R and LN229-TMZ R glioma cells, respectively, by ~ 20% and 0%. Because U87 does not form colonies well enough for a CFA, we determined the cell viability of U87-TMZ S and U87-TMZ R glioma cells via a long-term MTT assay (Fig.  4C, right) . TMZ (at 60 μM) reduced the percent viability of U87-TMZ R glioma cells by ~ 40%; however, it reduced the percent viability of U87-TMZ S cells by ~ 5%. To investigate whether CQ can maintain its ability to enhance TMZ cytotoxicity in TMZ R cells, we treated U251-TMZ R cells with TMZ in the presence or absence of CQ (Fig. 4D) . We found that CQ enhanced the cytotoxic effects of TMZ in U251-TMZ R cells in a manner similar to that of its parental U251-TMZ S cell line. TMZ (20 μM) reduced the percentage of colonies formed in U251-TMZ S cells by ~ 40%; furthermore, 100 μM TMZ reduced the percentage of colonies formed in U251-TMZ R cells by ~ 20%. CQ (10 μM), on the other hand, reduced the percentage of colonies formed in both U251-TMZ S and U251-TMZ R cells by ~ 20%. However, 20 μM TMZ combined with 10 μM CQ reduced the percentage of colonies formed in U251-TMZ S cells by ~ 80%. In addition, 100 μM TMZ combined with 10 μM CQ reduced the percentage of colonies formed in U251-TMZ R cells by ~ 60%. The combined regimen of CQ and TMZ displayed calculated combination indices in U251-TMZ S and U251-TMZ R cells of < 1, indicating synergism between the two chemotherapies.
In addition to determining CQ cytotoxicity in TMZ R glioma cells, we investigated CQ cytotoxicity in TMZ R TuBECs. We previously reported that TuBECs resist the cytotoxic effects of TMZ, when compared with normal BECs, and that knockdown of GRP78 in TuBECs chemosensitizes TuBECs to TMZ. 42 It is interesting to note that in a series of MTT assays, we observed that CQ killed TMZ R TuBECs more efficiently than TMZ S BECs (Fig.  4E) . Taken 
Chloroquine Enhances the Cytotoxic Effects of Temozolomide by Blocking Autophagy
Because CQ enhanced the cytotoxic effects of TMZ in a series of Western blot assays and CFAs, we set out to confirm our findings by investigating the combined effects of TMZ and CQ in vitro and in vivo. In a Western blot assay, blocking autophagy clearance with 25 μM CQ resulted in a modest increase in the levels of LC3B-II (LC3B-I/LC3B-II ≈ 1), ubiquitinated proteins, CHOP/ GADD-153, and cleaved PARP in U251 glioma cells (Fig.  5 upper) . However, after blocking autophagy clearance with 25 μM CQ, 100 μM TMZ significantly increased the Fig. 5 . Chloroquine enhances the cytotoxic effects of TMZ in vitro and in vivo. U251 cells were seeded for Western blot analysis and were either untreated or treated with 25 µM CQ, 100 µM TMZ individually, or in combination for 48 hours. Upper: Expression levels of polyubiquitinated proteins, GRP78, CHOP/GADD-153, LC3B-I/II, and cleaved PARP, with antibodies specifically directed to each protein, were analyzed. b-Actin (Actin) was used as a loading control. Tumor-bearing mice were either untreated or treated with 10 mg/kg CQ and 5 mg/kg TMZ individually or in combination. Lower: Fifty hours later, the animals were killed, and the tumors were analyzed by immunohistochemical staining for CHOP (ER stress indicator). Tumor tissue stained with CHOP antibodies (left). Enlarged areas of the sections indicated by the small rectangles (right). levels of LC3B-II (LC3B-I/LC3B-II < 1), ubiquitinated proteins, CHOP/GADD-153, and cleaved PARP. These results suggest that TMZ stimulates autophagy; however, when TMZ is in the presence of CQ, TMZ causes greater increases in autophagosome accumulation and apoptosis than CQ alone.
Apart from investigating the combined cytotoxic effects of CQ and TMZ in a Western blot assay, we set out to investigate the combined cytotoxic effects of CQ and TMZ in vivo (Fig. 5 lower) . We implanted nude mice subcutaneously with U87 glioma cells and allowed the implanted cells to form tumors. After sizable tumors formed, we randomly assigned the mice before treating them via gavage for 48 hours with water, 10 mg/kg CQ, 5 mg/kg TMZ, or the combination of CQ and TMZ. After harvesting and immunostaining the tumors for CHOP/ GADD-153, tumors treated with CQ or TMZ alone demonstrated a modest induction of CHOP/GADD-153 in comparison with the untreated control. However, tumors treated with CQ in combination with TMZ displayed higher levels of CHOP/GADD-153 expression than the tumors treated with CQ or TMZ alone. Altogether, our results demonstrate that blocking autophagy with CQ enhances the cytotoxic effects of TMZ in vitro and in vivo.
Discussion
Glioblastoma multiforme is a highly malignant brain tumor that is difficult to treat and carries a very poor prognosis. Conventional therapies for patients with newly diagnosed GBM include surgical tumor resection followed by radiation therapy and chemotherapy with the DNAalkylating agent TMZ. In a recent study, the quinolinebased antimalarial, CQ, in combination with conventional therapy significantly increased the mean survival probability of patients with GBM from 11.4 to 25 months. 4 The authors of that study attributed the antimutagenic properties of CQ to its ability to enhance TMZ. 5 They hypothesized that mutagenic chemotherapies, such as TMZ and carmustine, cause hypermutations in glioma cell clones that eventually lead to drug resistance. Moreover, they speculated that adding CQ would reduce TMZ-induced hypermutation in glioma cells and prevent the development of TMZ R tumor cells. However, alternative studies have suggested that hypermethylation of the promoter for the DNA repair enzyme O 6 -methylguanine-DNA methyltransferase (O 6 -MGMT) and the loss of DNA repair are positive predictors for patients who will respond to TMZ therapy. 14, 31, 34 Thus, the mechanistic role of CQ as an enhancer of TMZ remains unclear.
Temozolomide was previously reported to have an effect on the autophagy system. 18 Nevertheless, recent evidence brought into question whether autophagy is involved in tumor progression or tumor suppression. 16, 19, 24, 26, 29 With respect to the relationship between TMZ and autophagy, TMZ treatment of GFP-LC3-overexpressing cells resulted in an increase in autophagosome formation. 18 However, bafilomycin A, a vesicular type proton-pump inhibitor that prevents the maintenance of the lysosomal acidic environment and inhibits autophagy clearance, enhanced TMZ cytotoxicity in glioma cells. 18 Because CQ accumulates in lysosomes, inhibits autophagy clearance, and is a clinically useful enhancer of TMZ, we set out to determine whether CQ enhances the cytotoxic effects of TMZ in a manner similar to that of bafilomycin A. When we treated glioma cells with CQ, we found that CQ blocked autophagy while enhancing the cytotoxic effects of TMZ. First, we discovered that knockdown of GRP78 mitigated the cytotoxic effects of CQ but enhanced the cytotoxic effects of TMZ. We demonstrated that GRP78-dependent autophagy, but not BECN1-dependent autophagy, limited the cytotoxic effects of TMZ (Fig. 1B) . Next, we found that CQ efficiently killed TMZ R cells, including U251-TMZ R , LN229-TMZ R , and U87-TMZ R cells and TuBECs. Furthermore, we showed that CQ was able to block GRP78-dependent autophagy in addition to PI3KC3-BECN1-dependent autophagy. Thus, when we combined CQ with TMZ, CQ synergistically enhanced the cytotoxic effects of TMZ by blocking autophagy, which led to an increase in autophagosome formation, ER stress, and apoptosis in vitro and in vivo. This mechanism is represented schematically in Fig. 6 .
The implications for establishing the mechanism of the combined effects of CQ and TMZ are 3-fold. First of all, we demonstrated that GRP78-dependent autophagy limited the cytotoxic effects of TMZ. GRP78 confers chemoresistance to several tumor types and may do so via its association with autophagosome formation. 6, 7, 10, 25, 33, 35, 42 Thus, blocking GRP78-dependent autophagy with CQ may chemosensitize various types of tumor cells and chemosensitize glioma cells to TMZ. Second, basal levels of GRP78-dependent autophagy may be a predictor for CQ sensitivity and TMZ resistance in tumor cells. Last, because we established that CQ blocks GRP78-dependent autophagy while enhancing the cytotoxic effects of TMZ, the development of alternative and/or specific inhibitors of GRP78-dependent autophagy may prove to be even more useful in enhancing the cytotoxic effects of TMZ in the clinic.
Conclusions
Our data provide a basis for the use of CQ in conjunction with TMZ. The clinical protocol for the administration of CQ in combination with TMZ is the subject of ongoing clinical trials. In particular, whether CQ should be administered to TMZ as part of the traditional highdose TMZ regimen or the low-dose metronomic TMZ regimen will need to be explored. The ability of CQ to induce apoptosis in TMZ R cell lines is particularly encouraging and suggests that it may be used to extend the response for patients who have progressed on TMZ.
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